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ABSTRACT 


Innovation  in  sensing  technology  is  necessary  in 
order  to  decrease  negative  outcomes  in  the  event  of  a 
chemical  or  biological  exposure.  The  sensors  currently 
used  to  detect  chemical  and  biological  agents  are  too 
bulky,  complex,  and  costly.  The  thrusts  of  this  research 
are  to  develop  sensor  technologies.  The  technologies 
developed  would  help  create  sensor  arrays  which  are: 
lightweight,  disposable,  wireless,  deployable  by  hand, 
and  reconfigurable.  This  paper  will  present  initial  results 
on  the  development  of  technology  for  a  sensing  platform 
which  incorporates  a  single  electron  transistor  (SET) 
with  bacteriorhopdin  (bR). 


1.  INTRODUCTION 


Bacteriorhodopsin  is  a  photosensitive  protein  found 
in  the  purple  membrane  (PM)  of  the  bacterium 
Halobacterium  salinarum.  When  illuminated  with  light, 
bR  generates  a  small  current  and  electrical  potential  by 
shifting  a  proton  from  the  intracellular  to  the 
extracellular  side  of  the  cytoplasmic  membrane.  This 
extensively  studied  (Stoeckenius  1994)  protein  is 
extraordinarily  robust  and  can  function  in  extreme 
environmental  conditions  (Vsevolodov  1998),  in  both 
aqueous  and  dried  states. 

The  majority  of  the  research  on  bR  has  utilized  it  in 
an  aqueous  state  immobilized  on  a  conductive  substrate. 
However,  there  are  a  significant  number  of  potential 
devices  that  could  utilize  the  photoelectric  response  of 
bR  in  the  dried  state.  In  the  dried  state,  bR  could  be 
integrated  with  semiconductor-based  devices  such  as 
metal  oxide  semiconductor  field  effect  transistors 
(MOSFETs)  (Shin  et  al.  2007)  or  single  electron 
transistors. 


SETs  are  composed  of  four  components:  gate,  source, 
drain,  and  quantum  islands.  These  components  can  be 
metallic  or  semiconductors.  A  SET  is  a  nanotransistor  that 
exploits  the  quantum  mechanical  properties  of  electrons  to 
control  the  current  flowing  from  the  source  to  the  drain 
(Kastner  2000).  The  function  of  room  temperature  SETs  is 
based  on  the  tunneling  of  electrons,  quantized  units  of 
energy,  across  quantum  islands  (W  dots  <10  nm  in 
diameter  (Karre  et  al.  2007))  between  the  source  and  drain. 
Changing  the  gate  potential  can  change  the  rate  of 
tunneling  electrons  between  the  source  and  drain. 

The  minimum  current  flow  or  off  position  for  the 
SETs  is  located  in  the  Coulomb  blockade  region 
(horizontal  region)  of  the  current  verses  voltage  (IV) 
curve.  The  Coulomb  blockade  is  a  phenomenon  which 
occurs  when  there  is  no  tunneling  of  the  electrons  between 
the  source,  islands,  and  drain  to  create  a  current.  Coulomb 
blockade  can  be  removed  by  change  source  bias  voltage 
and/or  by  adding  a  gate  voltage  to  align  energy  levels  on 
the  quantum  islands  with  that  of  the  source  and  drain 
(Berman  1998).  This  allows  electrons  to  tunnel  between 
the  source  and  drain.  Modulating  the  gate  potential  could 
change  the  rate  of  electrons  tunneling  from  the  source  to 
the  drain. 

This  paper  is  going  to  describe  a  method  of  depositing 
bR  on  the  gate  of  a  SET  and  then  measure  characteristic 
after  the  integration  with  both  light-on  and  light-off. 


2.  MATERIALS  AND  METHODS 


The  integration  of  the  photosensitive  bionanomaterial 
bacteriorhodopsin  with  single  electron  transistors  is  a 
hybrid  device,  composed  of  both  biological  and  non- 
biological  components.  This  paper  presents  the  first  report 
of  a  bionanomaterial,  bR,  integrated  with  a  SET.  Each  of 
the  SETs  contains  three  electrodes  Drain\Source\Gate 
(Fig.l)  which  are  separated  by  focused  ion  beam  (FIB) 
etching  as  shown  in  Fig.  2.  The  SETs  were  fabricated  by  a 
process  described  by  (Karre  2007)  with  a  couple  of 
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modifications.  First,  photolithography  was  used  to 
decrease  the  time  to  FIB  devices  by  patterning  the 
general  architecture  of  the  devices  as  shown  in  Fig.  1. 
Second,  a  liftoff  process  was  used  to  remove  the 
passivation  layer  of  A1203  from  the  device  pads.  Third, 
the  gate  pad  size  was  increased  from  100  pm  x  100  pm 
up  to  4  mm  x  2  mm. 

Enlarging  the  gate  pad  increases  the  amount  of  bR 
incorporated  with  the  SET  as  shown  in  Fig.l.  Since  the 
voltage  generated  by  bR  from  the  proton 
pumping/shifting  is  vectorial.  The  more  oriented  bR 
deposited  on  the  gate  the  greater  the  voltage  potential 
generated.  Generating  a  larger  voltage  potential  on  gate 
will  increase  the  possibility  of  modulating  the  SET  with 
bR. 


islands 
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Fig.  1.  General  architecture  for  bR  SET. 

Commercially  available  high  intensity  amber  light 
emitting  diodes  (LEDs)  were  selected  as  the  excitation 
source  because  the  peak  emission  was  near  the  peak 
absorbance  of  the  bR  as  shown  in  Fig.  3.  The  light 
source  was  composed  of  three  high  intensity  amber 
LEDs  and  powered  by  a  constant  current  source  which 
could  be  varied.  As  shown  in  Fig.  3,  the  LEDs  have  a 
major  peak  at  595  nm  and  the  bR  has  a  major  absorbance 
peak  at  570  nm. 


Bacteriorhodopsin  was  then  electrophoretically 
immobilized  on  the  gate  pads  of  the  SETs.  The  bR 
coupled  SETs  were  then  characterized  again  without  light 
to  make  sure  they  still  functioned  after  the  immobilization 
process  of  bR  on  to  the  gate  pad.  The  secondary  baseline 
characterization  of  the  SET  coupled  with  bR  indicted  that 
the  immobilization  process  did  not  alter  the  functionality 
of  the  device  as  shown  in  Fig.  4.  This  secondary  baseline 
data  was  compared  to  initial  baseline  experiments 
measurements  which  indicted  no  significant  change  in  the 
IV  characteristics  of  the  device. 
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—  LEDs  Emission  Specturm  —  bR  Absorbance  Specturm 

Fig.  3.  Emission  and  absorbance  spectrums  of  amber 
LEDs  and  bR,  respectively. 


3.  RESULTS 


Prior  to  bR  integration  with  SETs  baseline 
characteristic  were  established  by  measuring  the  IV 
curves  with  and  without  light  illuminating  the  gate  pad, 
where  the  bR  would  be  immobilized.  Baseline 
characterization  indicated  that  the  SETs  were  not 
influenced  by  light. 


The  SET  coupled  with  bR  was  shown  to  be  functional, 
see  Fig.  4,  without  light.  Now  the  influences  of  excited, 
with-light,  bR  immobilized  on  the  gate  pad  of  the  SET 
were  measured.  The  voltage  and  current  generated  by 
exciting  bR  on  the  gate  of  the  SET  caused  a  change  in  the 
current  flowing  between  the  source  and  drain  of  the  device 
as  shown  in  Fig.  4.  Too  ensure  that  the  change  in  current 
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across  the  source  and  drain  was  due  to  the  bR  and  not 
some  artifact  of  the  LED  circuit,  multiple  tests  were 
conducted;  blocking  the  light  source  and  altering  the 
optical  power  of  the  light  source. 

First,  the  light  was  blocked  without  moving  the 
LEDs.  Blocking  the  LEDs  eliminated  the  current  change 
across  the  source  and  drain  as  the  LEDs  were  flashed. 
Then,  the  optical  power  of  the  LEDs  were  varied  since 
the  voltage  potential  of  bR  is  dependent  on  the  optical 
power  of  the  excitation  source,  the  larger  the  light 
intensity  the  larger  the  voltage  potential  generated  by  bR. 
As  shown  in  Fig.  5,  changing  the  optical  power  of  the 
LEDs  caused  a  change  in  the  amount  of  current  flowing 
between  the  source  and  drain.  These  graphs  indicate 
increasing  the  optical  power  output  of  the  LEDs 
increases  the  change  in  current  flowing  between  the 
source  and  drain. 


Voltage  (V) 

Fig.  4.  IV  curve  of  SET  coupled  with  bR. 


Next  to  establish  an  understanding  of  the 
controllability  of  the  SET  the  bias  voltage  on  the  source 
terminal  was  varied  to  attempt  to  control  the  current 
flowing  between  the  source  and  drain.  The  bias  voltages 
on  the  source  terminal  determined  from  the  characteristic 
IV  curve  shown  in  Fig.  4  which  varied  from  -25  V  to  25 
V.  If  the  SET  is  working  properly  changing  the  bias 
voltage  on  the  source  terminal  will  change  the  current 
flowing  across  the  source  drain  gap. 

Within  the  coulomb  blockade,  -5  V  to  5  V,  the 
current  flowing  from  the  source  to  the  drain  should  be 
minimized.  As  shown  in  Fig.  6,  there  was  not  a 
measurable  change  in  the  current  flowing  from  the 
source  to  the  drain. 

Outside  the  coulomb  blockade  region  the  current 
from  the  source  to  the  drain  will  flow  and  be  amplified 
depending  on  the  source  bias  voltage.  The  maximum 
amplification  within  the  measured  IV  curved  ranged 
from  -25  V  to  25  V,  as  shown  in  Fig.  4,  was  determined 
to  be  at  -25  V  since  the  slope  is  maximum.  As  shown 
in  Fig.  5,  with  a  source  bias  voltage  of  -20  V  the  change 
in  current  from  the  source  to  the  drain  is  about  2 
picoAmps.  From  Fig.  7,  the  change  in  current  is 
maximized  over  the  measured  range  at  -20  V  and 
minimized  at  0  V.  Figure  6  also  shows  that  the  current 
flow  across  the  device  can  be  controlled  by  altering  the 
source  bias  voltage  or  the  excitation  of  the  bR. 


Fig.  5.  IT  curves  of  SET  coupled  with  bR,  bias  with  a 
source  voltage  of  -20  V,  and  with  a  flashing  light  source  at 
134  W/m2  (blue)  and  196  W/m2  (pink). 


Time  (sec) 

♦  Bias  0V  Light  Intensity  134  W/m2 
Bias  0V  Light  Intensity  196  W/m2 


Fig.  6.  IT  curves  of  SET  coupled  with  bR,  bias  with  a 
source  voltage  of  0  V,  and  with  a  flashing  light  source  at 
134  W/m2  (blue)  and  196  W/m2  (pink). 
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Fig.  7.  Change  in  current  verses  source  bias  voltage  with 
a  flashing  light  source  at  134  W/m2  (blue)  and  196  W/m2 
(pink). 


CONCLUSIONS 


In  conclusion  this  work  has  shown  it  is  possible:  1) 
to  incorporate  a  bionanomaterial  and  SET,  2)  to 
modulate  the  output  of  the  SET  with  bR,  and  3)  control 
the  sensitivity  of  the  SET  by  change  the  bias  voltage. 
With  this  initial  research  into  the  integration  of  the  bR 
with  SETs  it  is  hoped  that  this  technology  developed  will 
eventually  lead  to  creation  of  an  inexpensive,  ultra-fast 
detection,  super  sensitive  chemical  and  biological  toxin 
sensor.  The  sensor  developed  could  then  be  used  to  save 
the  lives  of  soldiers  and  civilians.  Further  research  is 
being  conducted  to  optimize  processing  and  sensitivity  of 
the  bR  SET  devices. 
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